Introduction
Disorders of gait are a common presentation in neurological practice and general medical settings, particularly amongst the elderly population. In addition, impairment of postural and righting reactions commonly causes falls when turning or bending over [1] leading to insecure walking and the development of a fear of falling [2] . The following review discusses some of the first ever experiments to modulate gait and balance in healthy adults using anodal transcranial direct current stimulation (tDCS) by stimulating both hemispheres simultaneously ( Figure 1 ) and to treat locomotor and balance disorders in patients with neurological gait disturbance.
We show in a series of previously published work that bihemispheric electrical stimulation with a novel montage can increase cortical excitability of lower limb muscles and increases locomotor learning in healthy subjects. The same electrode montage increases gait speed and improves balance in patients with Parkinson's disease and gait disturbance associated with small vessel disease, when combined with physical therapy (Figure 3) . Lastly, by increasing excitability in the affected hemisphere and inhibiting the unaffected one, we were able to improve walking time in patients with stroke in the subacute phase, where the potential to modulate cortical excitability is maximal.
Gait Modulation for Neurological Disease
Gait and balance disturbance is common, difficult to treat despite rehabilitation, and a cause of significant morbidity and mortality. Parkinson's disease is a common cause of gait and postural instability and although it is defined pathologically by the loss of dopaminergic neurons in the substantia nigra, much of the long-term disability is related to symptoms that do not respond to levodopa [3] . We therefore sought to apply noninvasive brain stimulation techniques using a novel electrode montage in patients with Parkinson's disease to improve gait and balance.
In Parkinson's disease, an overactivity of inhibitory efferents from basal ganglia to the thalamus results in suppression on thalamocortical projections, with reduced activity in premotor and primary motor cortical regions [4, 5] . The motor cortex may thus be an important therapeutic neurostimulatory target in these patients. From a cortical perspective, human locomotion relies upon a distributed neural network including primary motor, premotor areas, and, importantly, white matter connections thereof [6] . Not surprisingly, changes in the cerebral white matter, associated with vascular risk factors and frequently detected on imaging in the elderly [7] , are associated with gait and balance dysfunction [8, 9] . Clinically, these patients have a low gait velocity due to reduced stride length, long double support time, and broad based gait [10] . Small vessel disease (SVD) is an increasing cause of falls in the ageing population for which, critically, there is currently no treatment. The relevance of the primary motor and premotor cortices in the control of gait in relation to SVD has been demonstrated using fMRI [11] and cerebral perfusion techniques [12, 13] . Given the lack of treatment options for this growing problem, we attempted to improve gait and balance function in these patients using noninvasive electrical stimulation that as we found can alter gait learning in healthy subjects [14] .
Current Treatments for Gait Disturbance
Neurological gait and balance impairment has proved notoriously difficult to treat. For example, although some evidence suggests that freezing of gait in patients with Parkinson's disease may improve with levodopa [15] , one study indicated that gait may worsen in medicated patients, perhaps as a result of drug-induced dyskinesia [16] . As a result, there has been a drive towards nonpharmacological therapies. Deep brain stimulation (DBS) has revolutionized the management of dopaminergic motor features in many patients with severe Parkinson's disease, and whilst there is some evidence in support of DBS in the treatment of gait disorders in these patients [17] , its effect on the nondopaminergic motor features of Parkinson's disease, such as gait and balance, has been variable. Thus, one study showed that approximately 50% of freezers convert to nonfreezers after subthalamic nucleus DBS [18] , although freezing of gait has also been shown to worsen after bilateral DBS [19] . In patients with resistant gait disturbance stimulation of the substantia nigra pars reticulata appears to improve axial motor features [20] , including freezing of gait [21] . More recently DBS of the pedunculopontine nucleus (PPN) has shown variable outcomes on gait and balance [22] [23] [24] [25] .
Noninvasive treatment options, in particular repetitive transcranial magnetic stimulation, showed early promise in the treatment of gait in this group of patients [26, 27] , but subsequent studies using intermittent magnetic stimulation [28] and tDCS [29] have yielded negative results. Physical therapy remains the mainstay of treatment for patients with neurological gait and balance dysfunction [30, 31] and is known to induce long-lasting plastic changes in the cerebral cortex [32] . We addressed an important but as yet unanswered question of whether the beneficial effects of physical training can be enhanced using noninvasive brain stimulation techniques. To do this we applied tDCS during physical training.
Transcranial Direct Current Stimulation
tDCS is a noninvasive neurostimulation technique that consists of delivering a weak current via the use of saline-soaked electrodes applied over the scalp. This has been shown to induce bidirectional polarity-dependent changes in cortical excitability of the underlying cortex. In general terms, anodal tDCS increases cortical excitability, and cathodal tDCS decreases it [33] . The physiological and behavioural effects of tDCS have been shown to last for up to one hour, implying that tDCS also modulates the synaptic microenvironment, modulating the synaptic strength of NMDA receptors, altering GABA-ergic activity, and modulating intracortical and corticospinal neurons [33] [34] [35] .
Bihemispheric tDCS for Gait
Most studies using tDCS in the field of locomotor control have focused on stimulation over the lower limb primary Advances in Neuroscience 3 motor cortex (M1) of a single hemisphere. So-called bihemispheric tDCS, however, aims to deliver cathodal stimulation to one motor cortex and anodal tDCS to the opposite hemisphere in an attempt to restore the interhemispheric imbalance caused by discrete cortical lesions (e.g., stroke) and to thus improve walking through its effects on the function of the hemiparetic limb.
Although there is some evidence that DBS reprogramming techniques such as "better side reduction" can reduce lower limb akinesia asymmetry and thus improve gait freezing [36] , the cortical influences over locomotion are not lateralized. It is perhaps then surprising that there have not been attempts at applying electrical stimulation to both motor cortices simultaneously, particularly for nonstroke neurological gait disorders. We therefore attempted to modulate gait by applying tDCS to the primary motor and premotor cortices of both hemispheres simultaneously using a large midline electrode ( Figure 1 ). Whilst the relative lack of focus of tDCS is an apparent disadvantage for physiological experiments, this may be welcomed when attempting to modulate complex and distributed cortical networks such as those involved in gait.
Can tDCS Modulate Locomotor Activity in
Healthy Individuals?
Before tDCS can be considered as a therapeutic tool to treat patients with gait disorder, its effect upon lower limb excitability in healthy individuals needs to be evaluated. We posed two associated questions: first, can anodal tDCS over M1 and premotor cortex alter locomotor adaptation? Second, are the putative behavioural changes associated with tDCS related to neurophysiological changes in M1 cortical excitability of the legs? To address the first question, we explored the effect of anodal tDCS over primary motor and premotor leg cortices on a locomotor adaptation task: the "broken escalator" paradigm-a laboratory reconstruction of the unusual sensation and physical stumble many people experience when stepping onto an escalator that is out-of-order [37] [38] [39] [40] [41] . This paradigm induces a locomotor aftereffect (forward trunk displacement and increased gait velocity) that reflects motor learning. We predicted that increasing the excitability of the primary motor and premotor cortical leg areas using anodal tDCS would increase the amplitude of the locomotor aftereffect. We further hypothesized that anodal tDCS over M1 would prolong the aftereffect given the role of M1 in memory retention. To address the second question we used TMS in a separate group of subjects to probe changes in cortical leg excitability before and after tDCS to M1.
For the gait experiments, we recruited 30 healthy participants that were allocated to 2 separate groups for testing. The "real tDCS" group received tDCS at 2 mA over 15 minutes, and "sham tDCS" group received sham stimulation for 15 minutes. Both groups performed 5 "BEFORE" trials by stepping onto a stationary sled, 5 MOVING (learning) trials stepping onto a moving platform, and 5 AFTER trials. The aftereffect is typically seen only in the 1st AFTER trial.
We applied tDCS to these subjects using a novel electrode montage that was determined using evidence from MRI studies [42] and three-dimensional probabilistic anatomic correlation techniques [43] showing that the scalp topography of Cz (international 10-20 EEG system [44] ) corresponds to lower limb primary motor cortex. Thus a DC stimulating rectangular saline-soaked sponge electrode (10 × 4 cm; surface area 40 cm
2 ) was placed centrally across the scalp to cover a region 10-20% anterior to Cz as measured from the midline of the stimulating electrode (Figure 1 ). The reference electrode (4 × 4 cm) was positioned at the inion. A 2-mA current was delivered by a battery-driven Magstim Eldith DC stimulator (neuroConn, Ilmenau, Germany) between the end of the BEFORE trials and the beginning of the MOVING trials (i.e., just before the adaptation period). The current was initially increased by a ramp input over 10 s until reaching 2 mA (current density 0.05 mA/cm 2 ). Stimulation duration of 15 min, as chosen, can result in an excitability change lasting up to 90 min [33] . The sham stimulation used for control purposes and is identical to the real stimulation condition except that the current drops off to zero after 30 s.
We recorded forward trunk displacement and gait approach velocity using a position tracking device (Fastrak) attached to the subjects' back at C7 and electromyograms of the anterior tibialis and gastrocnemius muscles.
How can one be sure that tDCS as used here was having an effect on lower limb excitability? In a separate series of experiments we used transcranial magnetic stimulation that delivers a magnetic pulse to depolarise the cortical membrane over leg M1 and evaluating the effect of tDCS on TMS-induced motor-evoked potentials (MEPs) and silent period durations in tibialis anterior bilaterally in 16 additional healthy subjects. Magnetic stimuli were delivered to the motor cortex using an angled double-cone coil positioned over the tibialis anterior hotspot. TMS-induced MEPs from the tibialis anterior were recorded before and after tDCS (real stimulation in 8 subjects, sham in 8).
Finally, in a separate series of experiments we assess what effect, if any, cathodal stimulation over the inion ( Figure 1 ) could have had on cerebellar structures, given the recognized role of the cerebellum in motor learning and adaptation [45] . We predicted that our electrode montage would spare cerebellar structures, as this is a suboptimal placement to stimulate the cerebellar cortex [46] . Eyeblink classic conditioning (EBC) is a well-characterized experimental paradigm that is conserved across species and is dependent on the cerebellum [47] and consists of pairing a weak conditioning stimulus with a strong unconditioning stimulus repeatedly to produce conditioned responses consisting of an eyeblink starting before the US. EBC was evaluated in 8 subjects after receiving tDCS as applied in the main gait experiment.
The main finding was that the real tDCS group, compared with sham, displayed a 80% larger trunk sway ( = 0.04) and increased gait velocity (although not statistically significant; = 0.15) in the first AFTER trial (aftereffect) and a persistence of the trunk sway aftereffect into the second AFTER trial ( = 0.0013). Neither gait velocity nor trunk sway was The combination of tDCS with physical therapy resulted in the greatest improvements in gait velocity in patients with Parkinson's disease and small vessel disease; physical therapy improved gait, but tDCS alone had no significant effect. Notably, the variability in response was greatest in patients receiving tDCS, indicating that some patients improved more than others.
significantly different between stimulation groups during the learning trials ( = 0.67). The EMG signals were rectified and integrated over a 500 ms time window after foot-sled contact and normalized with respect to mean BEFORE (trials [3] [4] [5] values. In keeping with results from forward trunk sway, EMG activity was significantly raised in the left and right medial gastrocnemius (MG) muscles in the tDCS group in the aftereffect trial ( < 0.001 for left MG and = 0.03 for right MG). Note that the left MG is the muscle involved in breaking the forward momentum during the aftereffect as it is the left leg that makes the first contact on the sled.
Our TMS data revealed a significant increase in MEP amplitudes in right ( < 0.001) and left TA muscles ( < 0.001) following 15 min of 2 mA anodal tDCS using an inion reference electrode (as used in the broken escalator experiment) but not for sham stimulation (Figure 2) . Concordantly, silent-period durations increased with real stimulation but not with sham.
Cathodal effects over the cerebellum would be expected to impair conditioned eyeblink responses. All subjects in the real tDCS group, however, and 7 subjects in the sham group ( = 8) acquired the conditioned response, indicating that placing the cathode electrode over the inion does not appear to have significant cerebellar effects.
In summary, we showed that stimulation of M1 and premotor cortex before skill acquisition increases the trunk overshoot component of the locomotor aftereffect, thus modulating locomotor adaptation. When the brain encounters environmental or sensory changes in the body, it must choose the most appropriate response for the current situation, using a Bayesian motor decision-making process [48] . Such a process of "risk assessment" may be subject to interactions from the physical properties of the sled and the individual's state of arousal. tDCS as used in this study may thus prevent the selection of a motor program that is contextually appropriate in favor of a cautious approach "the sled may move after all", thus generating a larger aftereffect. Alternatively, anodal tDCS may have increased neuronal excitability in a widespread cortical network with reinforcement of synaptic Advances in Neuroscience 5 changes appropriate for stepping onto a moving sled as a result of the repetitive locomotor task. This in turn could lead to an enhanced expression of the adaptation aftereffect when stepping onto the stationary platform.
An interesting observation is that no significance was found for the gait velocity component of the locomotor aftereffect following tDCS. Data from previous work exploring the relationship between gait velocity and trunk overshoot components of the locomotor aftereffect have shown that they are dissociable [49] . Different neural mechanisms may underlie the trunk overshoot and gait velocity components of the aftereffect and may thus be subject to differential effects from tDCS although such a hypothesis warrants further exploration.
Our results could have clinical implications. The finding of an effect of cortical modulation on involuntary locomotor control is of potential interest for patients with gait disorders as tDCS offers the advantage of ease of access. Whilst there is evidence supporting the use of tDCS in upper limb rehabilitation following stroke [50] and Parkinson's disease [29] , this is the first study to assess specifically the effect of bihemispheric anodal tDCS on gait. Results from the current finding suggest that direct noninvasive stimulation of primary motor cortex and premotor areas may be suitable sites to target locomotor adaptive learning [14] . Accordingly, our findings in healthy subjects support the use of tDCS for experimental treatment of neurological gait disorders.
The Use of tDCS in Patients with
Parkinson's Disease
Based on our findings that tDCS was able to increase excitability in lower limb motor cortex and increase locomotor adaptation, we next applied anodal tDCS using the same bihemispheric tDCS montage in patients with Parkinson's disease (PD). PD is a common cause of gait and postural instability but it is generally accepted that these features are largely levodopa resistant [3, [51] [52] [53] [54] . An early study assessing levodopa responsiveness for various gait parameters identified that temporal parameters such as stride and swing duration and stride duration variability were levodopa resistant, whereas stride length was levodopa sensitive [55] . More recent evidence suggests that levodopa may differentially improve proximal more than distal lower limb kinematics [56] . Interestingly, levodopa appears to have no effect on locomotor adaptation [57] . Given the reduced activity in premotor and primary motor cortical regions in Parkinson's disease [58] , these areas may be important therapeutic noninvasive neurostimulatory targets for patients with Parkinson's disease and gait disturbance [59] .
It is recognized that physical therapy induces physiological changes in the primary motor cortex of patients with Parkinson's disease [32] . tDCS has also been shown to improve motor learning and rehabilitation in PD [60] , although outcomes have been mixed [61] . Previous studies using noninvasive brain stimulation in patients with PD did not find reproducible benefits on gait [28, 29] , although stimulation paradigms were not combined with physical therapy.
We hypothesised that anodal tDCS time locked to physical training would improve gait and balance in Parkinson's disease above and beyond the effects of tDCS in isolation. Our primary gait outcome was gait velocity as this is a functional marker of disease severity, and our primary balance outcome was recovery of stance in the pull test [62] , with postural instability being a common cause of falls in these patients.
Sixteen patients were recruited (average age 76.4, (SD = 5.7); disease duration 10.4 yrs (3.0); UPDRS III 25.8 (5.7)). Patients were assigned to one of two groups; Group I "physical-training" ( = 8) and Group II "no physicaltraining" ( = 8). Patients in Group I received tDCS during a fifteen-minute period of physical training and those in Group II received only tDCS, without physical training. For both groups, the application of tDCS was also randomised to either real tDCS stimulation or sham stimulation in the first session. All subjects returned 1 week later, to allow an appropriate wash-out period for the neurostimulation. In this second session subjects in the "physical training" group again received physical therapy, but those that had received real stimulation in the first session were given sham stimulation, and vice versa. Patients in the "No physical training" group again received only neurostimulation in this second session, with those that received real stimulation in the first session given sham stimulation, and vice versa. Outcomes were recorded prior to any intervention (baseline) and after intervention (final assessment). The physical therapy protocol lasted 15 minutes with a focus on improving gait initiation, stride length, gait velocity, arm swing, and balance.
Statistical analysis consisted of paired student t-tests, with appropriate Bonferroni correction. To assess the effect of combining tDCS with physical training we compared the average % change in performance in patients receiving real stimulation in Group I versus real stimulation in Group II. We compared the average % change in performance in patients receiving real versus sham stimulation in Group II to assess the isolated effect of tDCS stimulation (independent of physical training). Lastly, to assess the isolated effect of physical training (independent of tDCS) we compared the average % change in performance in patients receiving sham in Group I versus patients receiving sham stimulation in Group II. Where an isolated effect of physical training was observed, we compared the average % change in performance in patients receiving real stimulation in Group I versus sham stimulation in Group I, to assess the effect of combining tDCS with physical training-above and beyond the effect of physical training alone.
We used an identical tDCS montage and stimulation protocol as described in the initial healthy subject study above. The current was delivered for 15 minutes during training ("physical training" group) or during the execution of the gait and balance tasks ("No physical training" group). Electrodes were secured onto the scalp during the assessments using a modified diving head cap and tDCS battery fitted on a lightweight backpack.
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The primary outcome for gait was gait velocity. Secondary outcomes included stride length, 3 m "Timed Up and Go, " 6 m walk. The primary balance outcome was a quantitative pull test that is a clinical tool used to evaluate postural instability in patients with Parkinson's disease [63] .
We found that the combination of anodal tDCS with concurrent physical therapy increased gait velocity ( < 0.001), stride length ( = 0.01), the time taken to complete the "Timed Up and Go" ( = 0.04), and the 6 m walk ( = 0.04). Whilst there were modest benefits in patients receiving only physical therapy, these were comparatively less than when therapy was combined with tDCS. We did not observe any benefits of isolated tDCS (i.e., without physical therapy) [64] .
For balance, the combination of tDCS and physical therapy reduced the time taken to regain stability following the retropulsion stimulus compared to tDCS alone ( = 0.01). Again, there was no isolated effect of stimulation ( = 0.94) or physical therapy ( = 0.87).
In summary, we found a significant benefit of combining tDCS with physical training for gait velocity (primary gait outcome) and the performance on the pull test (primary balance outcome), but there was no isolated effect for tDCS or physical training [64] .
Physical training in Parkinson's disease normalises cortical excitability in M1 [32] , whilst tDCS may lower the threshold for these changes to occur ( Figure 5 ). Thus, combining physical gait and balance therapy with tDCS over primary motor and premotor cortex has a physiological basis.
One interesting finding from this study was that patients with more severe motor symptoms (UPDRS III and Hoehn Yahr scale) tended to show a greater improvement in walking time with tDCS compared to patients with milder disease [64] . Although the number of patients tested is insufficient to draw firm conclusions from a correlation analysis, our data suggest that patients with more advanced disease are more likely to benefit from combined DC stimulation and physical therapy than patients with mild disease. In contrast, individual gait outcomes did not correlate with age, the degree of leukoaraiosis, or cognitive impairment, suggesting that individual patients at the extremes of the disease process may be less likely to respond to neurostimulation.
Whilst our patient sample size lacks the power to draw conclusive results, our preliminary data suggests that the tDCS may be a useful adjunct to physical therapy to improve gait in patients with Parkinson's disease. Unfortunately, the lack of follow-up assessments meant that we were unable to comment on possible longer-term benefit of the interventions, or indeed whether repeated tDCS sessions lead to greater and sustained improvements.
Combining tDCS and Dance Therapy in a Single Patient with Parkinson's Disease
A hallmark of progression of PD is postural instability and associated falls [65] . Dance and movement therapy has been shown to improve balance and gait in patients with gait disturbances [66] , with the Argentine tango receiving particular interest in patients with PD [67] . There is evidence that tango dancing may alter cortical excitability, with increased activity over supplementary motor and premotor cortices in healthy subjects during imagined walking following a tango lesson [68] . Given our findings that tDCS improves gait in patients with PD, we decided to explore the effect of applying anodal tDCS over primary motor and premotor cortex on trunk kinematics in a patient with moderate PD during tango dancing.
We applied transcranial direct current stimulation (tDCS) in a 79-year-old male patient with moderate PD (UPDRS III = 34, HY scale = stage 3; disease duration 7 yrs) during tango dancing to assess its effect on trunk motion and balance [69] . The patient performed a total of four dances ("The butterfly, " Osvaldo Pugliese orquestra, music by Pedro Maffia, and lyrics by Celedonio Flores) over two days; two "tango and tDCS" and two "tango and sham" in a randomised double-blind fashion.
We recorded the average sagittal (pitch) and coronal (roll) trunk peak-to-peak velocity was measured across the whole dance using digitally based angular-velocity transducers attached to the patients lower back [70] . We also recorded a Tinetti Gait index questionnaire [71] (which is performed on a three-point ordinal scale assessing task-oriented gait and balance parameters, such as the ability to rise from a chair, standing balance, step symmetry, etc.) and obtained a subjective measure of performance before and after each dance session from the patient's professional dance partner, who was blinded to the intervention.
As in the studies reported above, a DC stimulating rectangular saline-soaked sponge electrode (10 cm × 4 cm) was placed centrally across the scalp to cover a region 10-20% anterior to Cz as measured from the midline of the stimulating electrode. The reference electrode (4 cm × 4 cm) was positioned at the inion (Figure 1) . A 2 mA current was delivered by a battery-driven Magstim Eldith DC stimulator (NeuroConn, Germany) during the Tango dance. The current was initially increased by a ramp input over 10 s until reaching 2 mA (current density 0.05 mA/cm 2 ). We found that trunk peak velocity during tango was significantly greater during tDCS compared to sham stimulation [69] (Figure 4(a) ). The questionnaire data revealed subjective improvements in dance performance, and the dance partner commented that the patient performed an unusually greater number of choreographed steps in one of the sessions, which was later found to correspond to a tDCS (rather than sham) session. Improvements were also seen in the semiquantitative gait function assessment (Tinetti Gait Index: t-test; = 0.04).
Our findings suggest that tDCS may be a useful adjunct to gait rehabilitation for patients with PD, although studies in a larger group of patients are needed to evaluate the therapeutic use of noninvasive brain stimulation during dance therapy.
The Use of tDCS in Patients with Small Vessel Disease with Gait Disturbance
Whilst physical therapy has been used in conjunction with tDCS to augment the effects of gait training [72] and lower Advances in Neuroscience limb rehabilitation [73] in patients with hemiparesis following established cortical strokes, the combination of noninvasive stimulation with simultaneous physical therapy has not been previously studied in patients with primary gait disorders such as small vessel disease. Small vessel disease (white matter lesions or leukoaraiosis) describes hyperintensities in the cerebral subcortical white matter and is associated with gait and balance dysfunction and falls in the elderly [8] for which there are no evidence-based treatments.
Primary motor and premotor cortices are relevant to the control of gait in relation to small vessel disease [11, 12] . We attempted to facilitate neural activity in this network by combining physical training with tDCS of the primary motor leg area and premotor cortex bilaterally [14] . We recruited 9 patients with SVD (mean age 79.4 years, SD = 5.5; mean minimental state examination score 27.0; Fazekas score 2.4).
The primary gait outcomes were gait velocity and stride length, which correlate with disease severity in these patients [74] . The primary balance outcome was recovery of stance in the retropulsion test, with postural instability being a feature of small vessel disease and a common cause of falls in these patients [75] . Secondary outcomes were timed walk (a surrogate measure of gait velocity) and angular trunk velocity and amplitude.
Subjects performed a 6 m walk, Timed Up and Go (TUG), and retropulsion test twice in each session: "baseline" and "final" assessments. Following "baseline" assessments patients underwent a 15-minute balance and gait training session concurrently with anodal tDCS stimulation (real or Figure 5 : Proposed neural mechanism for combining tDCS with physical therapy. Physical therapy induces cortical changes that are thought to underlie the functional improvement in motor function. tDCS alters cortical excitability, perhaps reducing the threshold for these changes to occur when combined with physical therapy, resulting in greater cortical plasticity and better motor outcomes than physical therapy alone.
sham). Subjects then immediately repeated the gait and balance tests ("final" assessment). Assessments took on average approximately 15 minutes to complete. A device encompassing two digitally based angularvelocity transducers arranged to measure angular trunk displacement and velocity in the roll (coronal) and pitch (sagittal) planes (SwayStar System, Balance Int. Innovations GmbH, Switzerland) was used in all subjects. The transducers were encased in a lightweight Bluetooth cordless device attached to an elasticised motorcycle belt, which was easily fitted on the subjects back at the L2-3 level. Angular deviations were calculated using online-trapezoid integration of the angular velocities [70] .
Anodal tDCS was applied to the motor cortex of both hemispheres simultaneously using the same electrode montage and protocol previously described (Figure 1) . The current was delivered during the exercise session for 15 minutes. Sham stimulation was identical to real stimulation except that the current was delivered for only 30 seconds and then switched off [76] . As part of a proof-of-principle study each patient received a single session of active (and sham) tDCS rather than repeated treatment sessions.
The principal result was that the combination of tDCS and locomotor training improves clinically relevant locomotor performance as measured by stride length ( = 0.047), stride length variability ( = 0.001), and gait velocity ( = 0.008; Figure 4 (b)) in patients with leukoaraiosis [77] . We also observed improvements in the time taken to regain posture following a retropulsive stimulus in the tDCS and physical therapy group, but not with tDCS or physical therapy alone ( = 0.045; Figure 4(c) ).
Our results support the finding that tDCS applied during the motor practice ("voluntary drive" [78] ) improves performance [73, 79] . Although we cannot comment on whether this effect relates to motor practice or motor learning, our previous work described here has shown improvements in motor adaptive learning in healthy subjects using an identical tDCS montage [14] .
This result suggests that targeting neocortical regions involved with gait using noninvasive stimulation may be one therapeutic strategy to overcome the corticosubcortical disconnection caused by white matter lesions in leukoaraiosis [77] .
One explanation for our findings is that the voluntary motor activity (versus external involuntary robotic assistance, e.g.) occurring during physical training induces changes in excitability in relevant motor cortex [80] . Such neural activity strengthens corticospinal and intracortical networks, and tDCS may lower the threshold for these plastic changes to occur ( Figure 5 ). Although the magnitude of the increase in gait velocity observed was somewhat unexpected, motor improvements of this magnitude have been previously observed within single sessions combining noninvasive brain stimulation techniques with peripheral nerve stimulation [81] . Further studies in a larger cohort of patients will help determine the everyday clinical applicability of this technique.
The effect of tDCS on balance in such patients has not been previously investigated. Whilst the response to the retropulsion test undoubtedly involves a coordinated neuronal network including cortical (M1) and subcortical (basal ganglia) structures and vestibular and spinal reflexes, Advances in Neuroscience 9 one unanswered question was whether tDCS could impact on this network, either through direct actions on the motor cortex, or as a result of the more widespread effects of tDCS that are increasingly recognised [82] . Nevertheless, given that the retropulsion test is abnormal in patients with frontobasal ganglia disorders, the observed effects of tDCS most likely reflect changes to corticosubcortical networks. The combination of physical therapy and offline tDCS (applied during learning rather than execution of the task) improves balance in patients with leukoaraiosis that may be related to preferential effects on reflex activity, rather than voluntary motor performance [83] . Alternatively, neurostimulatory effects over phasic execution of movement such as a postural response may result from an increase in spontaneous neuronal firing rate [84] . Further studies dissecting the underlying mechanisms involved are warranted.
The Use of tDCS in Patients with Gait Disturbance following Subacute Stroke
A third of stroke survivors become unable to walk as a consequence of their stroke [85] . This functional deficit imposes a significant burden upon patients and carers and explains why gait recovery is a major focus of poststroke rehabilitation [86] . Despite the impact of gait impairment upon quality of life, most evidence that tDCS may boost the efficacy of conventional physical therapy has been obtained for poststroke upper limb motor recovery [87] [88] [89] . The application of tDCS to improve gait in patients with stroke necessarily differs from its application in patients with diffuse cortical or subcortical neurological disease. Thus, in bihemispheric tDCS the anode and cathode are placed over separate hemispheres [90] to simultaneously upregulate and downregulate activity in opposite hemispheres. Such tDCSinduced activity is theorised to temporarily restore the interhemispheric excitability balance that is disrupted following unilateral stroke [91] . A rebalancing of interhemispheric activity may be pivotal to promote functional recovery poststroke. Bihemispheric tDCS applied in this way enhances upper limb recovery in both chronic and subacute stroke patients [88] . Whether such effects extend to gait rehabilitation has not been explored. The subacute stroke phase represents a period of considerable neural plasticity [92] and thus a prime opportunity to influence such adaptive mechanisms using noninvasive brain stimulation.
Fourteen patients with subacute hemispheric stroke (2-8 weeks aftere stroke) were randomised to either active ( = 7; mean age 67.5 years (SD = 11.8); modified Rankin scale 2.1 (SD = 1.1)) or sham ( = 7; 56.4 years (SD = 12.4); modified Rankin scale 2.6 (SD = 1.1)) tDCS. The anode was placed over the ipsilesional lower limb primary motor cortex and the cathode over the contralesional leg motor cortex. A blinded assessor measured performance in the Timed Up and Go (TUG) test and the Performance Oriented Mobility Assessment (POMA; a 0-28 point ordinal scale where 28 is indicative of independent mobility and balance, with a low falls risk and 0 is most impaired). Assessments were performed before and after active tDCS or sham tDCS.
The average difference scores (i.e., posttest minus pretest) for the TUG test showed that, despite their older age, the active group was significantly faster following tDCS by 4.64 s whereas the sham group improved by only 0.01 s following sham stimulation ( = 0.02 for tDCS versus sham).
There was no significant difference between the two groups when comparing the difference in POMA scores after stimulation (POMA difference score for active group = 0.3; POMA difference score for sham group = 0.3; = 0.90; Mann-Whitney U-test). In the sham group, no participant improved by a clinically meaningful amount; however, one subject in the active tDCS group did improve by a clinically meaningful level (4 points).
We found that active tDCS is safe and uniformly reduced walking time in patients with subacute stroke compared to sham. In contrast, the gait and balance subscale scores of the performance-orientated mobility assessment were not improved by tDCS. The differential benefits of tDCS on gait speed versus no effect on the POMA score may reflect the fact that the POMA is an ordinal scale, whereas gait speed is a continuous measure and may thus be more sensitive to detect change.
Notably, the two patients showing greatest improvements with tDCS also had comparatively worse baseline scores for the TUG, suggesting that the effects of tDCS may be more pronounced in more severely affected patients. One subject from the sham stimulation group showed a nearly 4-second improvement in the time to complete the TUG. This may represent a large placebo effect in a patient who may not have felt confident to walk to his maximum capability before the stimulation. Alternatively, the effect size may reflect the nature of the subcortical stroke-gait function in patients with subcortical white matter disease can be more variable [74] , perhaps relating to fluctuating attentional drive directed towards walking.
Overall, we have shown that a single session of anodal bihemispheric tDCS can improve gait speed in patients with subacute stroke [93] . Additional larger studies will be required to see if these benefits can be replicated and sustained with repeated treatment sessions and if there is indeed a differential response to tDCS between subcortical versus cortical stroke.
Summary of Findings and Future Work
There are surprisingly few studies addressing the use of noninvasive cortical stimulation for the treatment of neurological gait disorders. Repetitive transcranial magnetic stimulation, for example, showed early promise in the treatment of gait in patients with Parkinson's disease [26, 27] , but subsequent studies using intermittent magnetic stimulation [28] and tDCS [29] have yielded negative results. One study assessed the effect of tDCS when applied concomitantly with gait rehabilitation in patients with chronic stroke finding no additional benefit over and above rehabilitation alone [72] .
Studies assessing the effect of tDCS in upper limb rehabilitation variously report benefit in both chronic and subacute strokes [87, 88] . In contrast, one large study [94] found no improvement in clinical outcome with acute (i.e., 48 hours) tDCS.
Firstly, this work has shown that it is possible to target lower limb muscles cortically, and that this can be done for both legs simultaneously by placing a central large anodal electrode over the motor strip and a smaller cathode electrode over the inion. Using a combination of TMS with tDCS it has been possible to show that such a montage increases cortical excitability of lower limb muscles of both legs.
Secondly, such cortical stimulation can be combined with physical therapy to enhance the effects of physical activity alone, for patients with Parkinson's disease and with small vessel disease and gait disturbance-an increasingly common cause of falls in the elderly.
Whilst the findings of these studies suggest that noninvasive electrical stimulation techniques may be a useful adjunct to physical therapy in patients with neurological gait disorders, there remains a need for further large mutlicentre randomized sham-controlled studies to evaluate the clinical relevance of such therapies. One striking feature across these and many other studies using noninvasive electrical stimulation is the intra-and interindividual variability in the behavioural responses following stimulation (Figure 3) . One problem is that tDCS-related behavioural outcome measures are presumably dependent on factors outside the stimulation, such as motivation and attention that are difficult to control experimentally. As such, large numbers of patients and perhaps a range of electrode montages with computational modeling and direct imaging of current flow will be required to enable a translation of tDCS from experimental use into mainstream clinical practice for the treatment of gait disorders.
